To better understand the events involved in the local migration of inflammatory cells into sites of allergic reactions, we studied expression of the cytokine inducible endothelial cell (EC) neutrophil adhesion molecule, endothelial-leukocyte adhesion molecule (ELAM-1), in sequential skin biopsies from patients with respiratory allergy during the late phase reaction (LPR) between 20 min and until 24 h after intradermal allergen (ragweed or dust mites) injection. In 7 of 7 atopic patients but in only 1 of 4 apparently normal controls, allergen induced appearance of ELAM-1 on EC. ELAM-1 expression occurred concurrently with the development of inflammatory cell infiltrates by 3-4 h after intradermal injection. Saline injected sites in all subjects were negative. Skin organ cultures demonstrated that allergen could produce the same EC changes in vitro whether allergen was injected in vivo 20 min before culture or added during skin culture. These EC changes in organ culture were inhibited by the presence of combined anti-sera to both TNF-a and IL-1, but not by antisera to either cytokine alone. We conclude that EC activation occurs in elicited LPR and suggest that cytokineinduced EC activation may play a role in the migration ofinflammatory cells into allergic skin reactions. Furthermore, resident cells in the skin rather than infiltrating leukocytes appear to be the source of the cytokines that mediate endothelial activation.
Introduction
Clinically significant allergen-induced reactions are generally characterized by an IgE-dependent biphasic response (1, 2) . Within minutes of exposure to allergen, mast cells bearing IgE directed to the relevant allergen become activated and release histamine as well as other mediators into local tissue. This immediate reaction is classically evident within 15-60 min of allergen challenge and subsides within 30-90 min later. 3-4 h after allergen challenge, after the immediate reaction has subsided, there is onset of a late phase reaction (LPR)' characterPortions ofthis work were presented at the 1990 Annual Meeting ofthe American Federation of Clinical Research, and appeared in abstract form in 1990. Clin. Res. 38:448.
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1. Abbreviations used in this paper: EC, endothelial cell(s); ELAM-1, endothelial-leukocyte adhesion molecule-l; LPR, late phase reaction.
ized initially by the infiltration ofeosinophils, neutrophils, and mononuclear cells into the inflamed area. Granulocytes reach their maximum cell accumulation at 6-8 h, and by 24-48 h after onset ofthe reaction the cellular infiltrate consists predominantly of mononuclear cells.
It has become increasingly appreciated that the IgE-mediated LPR plays an important role in the pathogenesis of chronic allergic diseases. For example, several studies suggest that the chronic cellular infiltrate in asthma may be due to a sustained LPR (3, 4 (5, 6) . For example, one such glycoprotein, endothelial-leukocyte adhesion molecule-1 (ELAM-1) is inducible by either IL-I or TNF, and is involved in the adhesion of PMN to the EC surface (7, 8) . In this study, we examined whether induction of ELAM-l is involved in the pathogenesis ofcutaneous allergeninduced LPR. The results indicate that EC in skin biopsies from elicited LPR express the cytokine-inducible activation antigen, ELAM-1. Furthermore, ELAM-l expression may be induced in skin organ culture by addition of allergen in a process dependent on both IL-I and TNF.
Methods
Skin biopsies. Skin biopsies were obtained from 2 groups of subjects: first, 15 patients with respiratory allergy (asthma or allergic rhinitis) but no skin disease, all of whom showed immediate and LPR after intradermal injections with either 30 allergenic units of ragweed antigen E or 3 allergenic units of dermatophagoidesfarinae (dust mite) allergen (Greer Labs, Lenoir, NC); and second, 4 healthy controls with no cutaneous disease. Informed consent was obtained from each patient before skin biopsy.
Single 4-mm cutaneous punch biopsies were obtained under local anesthesia. From the first set of 7 patients with respiratory allergy, a total of22 two-mm skin biopsies were obtained at 20 min, 2, 4, or 24 h after intradermal injection with either saline or allergen (ragweed or dust mite). To rule out the possibility of nonspecific stimulation with allergen, we also studied a total of 8 skin biopsies from 4 healthy controls after local allergen injection. These specimens were immediately flash frozen for analysis by immunohistochemistry (see below). From a second set of 8 patients with respiratory allergy, 2-mm skin biopsies were obtained from either untreated skin sites (n = 22) or skin sites obtained 20 min after injection with either saline or allergen (n = 4). These specimens were subjected to organ culture before analysis by immunohistochemistry (see below).
Immunohistochemical studies. Immunohistochemical staining was carried out as previously described (9) . All biopsies were flash frozen in optimal cooling temperature (OCT) compound (Miles Laboratories Inc., Naperville, IL) in liquid nitrogen and stored at -70'C, until cryosectioning. 6-am cryostat sections were cut, fixed in acetone for 10 min, washed 3 times in phosphate-buffered saline, and incubated for 1 h at room temperature with the monoclonal antibody. Sections were then washed and incubated with peroxidase-conjugated rabbit anti-mouse IgG (Dako Corp., Santa Barbara, CA), diluted in phosphate-buffered saline containing 20% normal human serum for 60 min. Peroxidase activity was detected using acetylethylcarbazol (0.002% in 5% dimethylformamide, 0.2% sodium acetate buffer, pH 5, with 0.03% H202). Sections were then washed in distilled water, lightly poststained with hematoxylin, and mounted. The anti-ELAM-I monoclonal antibody used in these studies was H4/18, which is IgGK (10). Control antibodies were routinely tested on step sections ofthe same tissue specimens. The negative staining control was an irrelevant IgG'x and the positive control for EC staining was anti-von Willebrand factor (IgG1, Dako Corp.). In all experiments, these antibodies were also used to stain a specimen of acute appendicitis for ELAM-I positive venules.
Grading ofstained sections was initially done without knowledge of the identity ofthe patient or the time ofbiopsy. Assessment ofstaining for ELAM-l, which is absent in normal endothelium, was performed by counting positively staining vessels, and the staining intensity was graded as either 0 (absent), I + (weak), 2+ (moderate), 3+ (strong), or 4+ (very strong).
Organ cultures. Skin biopsies from nonlesioned skin of patients with respiratory allergy were immediately immersed into RPMI 1640 culture medium (Flow Laboratories, McLean, VA) supplemented with 10% (vol/vol) fetal calfserum, 1% penicillin/streptomycin, and 10mM L-glutamine (Gibco Chemical Co., Grand Island, NY). Explants were incubated at 370C with humidified 5% C0J95% air for 5 h before harvesting. In selected experiments, organ cultures were preincubated with either 200 U/ml of rabbit anti-human IL-la and # (Endogen) and/or 500 U of rabbit anti-human TNF-a (Genzyme, Boston, MA) for 1 h before the addition of allergen. Replicate explants were also incubated in identical concentrations of nonimmune rabbit serum to exclude nonspecific interference with local cytokine release. After harvesting the explants, all tissue specimens were flash frozen and processed for immunochemical staining as described above.
Results
Endothelial activation in situ in elicited late phase reactions. Our previous studies have demonstrated that, using antibody H4/18, normal skin does not show any reactivity for the ELAM-1 antigen (9) . In these experiments, we studied 7 patients with respiratory allergy known to have LPR after intradermal injection with either ragweed or dust mite allergen. A total of 22 skin biopsies were obtained either at 20 min, 2, 4, 6, or 24 h after intradermal injection with either saline or allergen. Saline injected sites in 4 of 4 atopic subjects tested did not express ELAM-1 antigen (Fig. 1 a) . In contrast, in 7 of 7 atopic patients, allergen induced the appearance of ELAM-l on EC (Fig. 1 b) . ELAM-I expression occurred concurrently with the development of inflammatory cell infiltrates between 2-4 h after intradermal injection (Fig. 2) . The intensity of ELAM-l expression peaked at 6 h and was significantly decreased 24 h after intradermal allergen injection. Because histological studies were performed on frozen (rather than paraffin-embedded) sections in these small biopsies, the cell types in the inflamma- 20 min after either an allergen injection or saline injection using the same protocol followed for in situ allergen responses. Based on the previous experiments, neither ELAM-1 expression nor leukocyte infiltrates are expected at this early time postinjection. These biopsies were placed into organ culture without further exposure to allergen. After 6 h of culture, these skin explants were frozen and stained for ELAM-1 expression. EC in the biopsies obtained from the ragweed-or dust mite-injected skin sites of these two donors both developed marked (3+) ELAM-l expression. In contrast, skin biopsies from both donors injected in vivo with saline had only minimal reactivity (0.5+) for ELAM-1. These initial experiments suggested that resident skin cells rather than infiltrating cells are the source of cytokine induced EC activation after intradermal allergen injection.
A second experimental approach was used to extend these observations. In these latter experiments, untreated skin biopsies taken from six different patients with respiratory allergy, were placed in organ culture and exposed in vitro either to ragweed or dust mite allergen, or to saline for 5 h. In each case, in vitro exposure to allergen but not saline resulted in significant ELAM-l expression on EC (Fig. 3) . Hematoxylin staining confirmed that the ELAM-1 expression observed on these tissue sections occurred without an inflammatory infiltrate.
Expression of ELAM-J is IL-I and TNF dependent. ELAM-1 expression can be induced in skin organ culture by exogenous IL-1 or TNF (1 1). To test whether these cytokines mediate the response to allergen, skin explants were preincubated for 1 h with polyclonal blocking antiserum to human TNF-a (500 U/ml) and/or anti-human IL-la and , (200 U/ ml), followed by 5 h more of organ culture after addition of allergen. As shown in Table I , preincubation with anti-human TNF-a alone, anti-IL-la and ,3 alone, or nonimmune rabbit serum failed to prevent in vitro ELAM-1 induction by allergen (Table I and Fig. 4 a) . However in four separate explants (patients 3, 4, 5, and 6 in Table I ), preincubation of skin explants with a combination of anti-IL-1 and anti-TNF completely abrogated expression of in vitro allergen-induced ELAM-I expression (Fig. 4 b) . These results suggest that the release of endogenous IL-1 and TNF-a associated with allergen exposure appear to be responsible for elicitation of endothelial activation, as defined by ELAM-I induction.
Discussion
The LPR plays an important pathogenic role in allergic dis- asthma and allergic rhinitis (3, 4, 12) . The intensity of nonspecific bronchial hyperreactivity in asthmatic reactions after antigen bronchoprovocation has been found to be proportional to the intensity of the LPR (13) . Clinical improvement in asth- matic symptoms after allergen immunotherapy correlates with a marked attenuation of LPR after bronchoprovocation challenge (14) . The immunopathologic events that result in the inflammatory infiltrate associated with the LPR are poorly understood. The accessibility of the skin for in situ investigation makes it an important model for understanding the pathogenesis of allergic LPR in other organs. The induction ofendothelial leukocyte adhesion molecules represent an important initial event in the accumulation of inflammatory cells at the site of antigen stimulated tissues (10, 15) . In our study of allergen-induced LPR, we found that the ELAM-l antigen occurs concurrently with the development of inflammatory cell infiltrates 2-4 h after elicitation of the LPR in vivo. Furthermore, the local secretion ofIL-I and TNF-a are required for the induction of ELAM-I expression.
In the skin, IL-I and TNF-a may be produced by several cell types. Keratinocytes produce IL-I and monocytes produce both IL-I and TNF-a (16). Vascular smooth muscle cells also produce small amounts of IL-I and TNF (17, 18) and EC themselves synthesize IL-1, although little is secreted (19) . Interleukin 3-dependent and -transformed mast cell lines have recently been demonstrated to release multiple cytokines after cross-linking oftheir high affinity IgE (FceRI) receptors via the interaction of IgE with specific multivalent allergens (20, 21) . These mast cell-derived cytokines include IL-1, TNF-a, IL-3, IL-4, IL-5, IL-6, and GM-CSF. Mast cells are located around the superficial dermal venules, the sites of most cutaneous inflammatory responses, and the vascular segments that most prominently express ELAM-1 during an elicited LPR. The immediate release of cytokines after allergen-induced mast cell degranulation is most compatible with the data presented in this study. This interpretation is supported by the recent studies of Klein et al. (22) who reported that dermal EC expressed ELAM-1 2 h after in vitro degranulation of human mast cells using anti-IgE in skin organ cultures. These investigatOrs were able to completely block anti-IgE-induced expression of ELAM-1 using antiserum to TNF-a. In contrast, we were unable to significantly inhibit allergen-induced ELAM-l expression with anti-TNF-a alone but required the combination of both TNF-a and anti IL-1. A role for IL-l as well as TNF is consistent with the recent report by Charlesworth et al. (23) , using a blister chamber model, that allergen induced LPR is accompanied by early production of IL-1.
We conclude that cytokine-induced EC activation plays a role in the migration ofinflammatory cells into the allergen-induced LPR. Furthermore, cytokines derived from resident cells in the skin, probably mast cells rather than infiltrating leukocytes, appear to mediate the EC activation. The cytokines in question are likely to be IL-and/or TNF-a. Therapeutic strategies that seek to reduce the inflammatory cascade associated with allergic diseases will need to consider the role of local cytokine secretion during the LPR.
